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Organogenesis relies on speciﬁc genetic and molecular programmes, which orchestrate growth and
cellular differentiation over developmental time. This is particularly important during Drosophila eye
development in which cell–cell inductive events and long-range signalling have to be integrated to
regulate proper cell proliferation, differentiation and morphogenesis. How these processes are co-
ordinated is still not very well understood. Here we identify the gap junction protein Innexin2 (Inx2) as
an important regulator of eye development. Depleting inx2 during eye development reduces eye size
whereas elevating inx2 levels increases eye size. Loss- and gain-of-function experiments demonstrate
that inx2 is required functionally in larval eye disc cells where it localises apico-laterally. inx2 regulates
disc cell proliferation as well as morphogenetic furrow movement and as a result the amount of dif-
ferentiated photoreceptors. inx2 interacts genetically with the Dpp pathway and we ﬁnd that proper
activation of the Dpp pathway transducer Mad at the furrow and expression of Dpp receptors Thickveins
and Punt in the anterior disc compartment require inx2. We further show that inx2 is required for the
transcriptional activation of dpp and punt in the eye disc. Our results highlight the crucial role of gap
junction proteins in regulating morphogen-dependent organ size determination.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
The Drosophila eye has proven to be very informative to study
cell–cell inductive events and long-range signalling during devel-
opment. Our knowledge of the genes and mechanisms controlling
cell proliferation, morphogenesis and neural differentiation in the
eye has increased strongly in recent years (Domínguez and Ca-
sares, 2005; Tsachaki and Sprecher, 2012). The eye is composed of
700–800 ommatidia arranged in a regular array, each consisting of
a core of 8 photoreceptor cells (R1–R8) surrounded by four cone
cells, pigment cells and a sensory bristle. The adult eye develops
from the eye-antennal imaginal disc, different regions of which
give rise to the eye, antenna, head capsule and mouthparts (Hay-
nie and Bryant, 1986). Pattern formation initiates during the third
larval instar stage, when a wave of morphogenesis starts at the
posterior edge of the retinal primordium and proceeds across the
epithelium. The edge of this wave is visualised as a dorso-ventral
indentation within the tissue and is called the morphogenetic
furrow (Wolff and Ready, 1991). As the furrow traverses the eye,ard),the ﬁeld of undifferentiated cells is transformed into an array of
periodically spaced ommatidial clusters. Growth of the retina is
divided into two waves (Kumar, 2011; Neufeld and Hariharan,
2002). The ﬁrst mitotic wave is a continuous process beginning
prior to furrow initiation. Cells anterior from the furrow divide
asynchronously and their amount sets the upper limit of omma-
tidia that can be generated. Prior to being recruited in the furrow,
cells are non-dividing, and undergo the so-called G1 arrest (Pen-
ton et al., 1997; Richardson et al., 1995). Immediately after leaving
the furrow, cells go through two last synchronous divisions (the
second mitotic wave). Growth and patterning of the retina is
regulated by a wide-ranging list of genes and signalling pathways,
including the Notch, EGF Receptor, JAK/STAT, Wingless, Hedgehog
and Decapentaplegic pathways-reviewed in (Kumar, 2011).
In multicellular organisms, development of complex tissues
and organs requires precise cell–cell interactions. A limited num-
ber of conserved signalling pathways regulate cell identity de-
termination, cell proliferation as well as growth and death, al-
lowing for proper morphogenesis. Gap junction communication
plays a crucial role in establishing coordinated local and long-
range patterning cues during development (for a review see (Le-
vin, 2007)). Gap junctions consist of arrays of intercellular chan-
nels required for transfer of ions and small signalling molecules
(Caþ þ , IP3, cAMP etc.) between neighbouring cells (Bauer et al.,
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Three gene families code for gap junction proteins: the connexins
and pannexins in deuterostomes and the innexins in protostomes
(Barbe et al., 2006; Bauer et al., 2005; Dahl and Locovei, 2006;
Panchin et al., 2000; Phelan, 2005; Söhl and Willecke, 2003). All
gap junction proteins, although distinct in their primary structure,
fold into four-pass transmembrane proteins with two extracellular
loops, cytoplasmic N- and C-termini and a cytoplasmic loop do-
main. Those proteins oligomerize into hexameric hemichannel
subunits. To form a functional gap junction channel, two hemi-
channels of neighbouring cells dock head-to-head in the extra-
cellular space creating a double membrane-spanning intercellular
channel (Martin and Evans, 2004; Segretain and Falk, 2004). The
Drosophila innexin family consists of 8 members (Bauer et al.,
2005; Phelan, 2005). For some of them, functions have been as-
signed using both Drosophila and the Xenopus oocyte as a het-
erologous expression system (Bauer et al., 2005; Hasegawa and
Turnbull, 2014; Phelan, 2005). Innexin2 (Inx2) is the most widely
characterized of all insect Innexins (Hasegawa and Turnbull, 2014).
In Drosophila, inx2 is required broadly for embryonic epithelial
morphogenesis (Bauer et al., 2004, 2003, 2002, 2001; Bohrmann
and Zimmermann, 2008; Lechner et al., 2007; Lehmann et al.,
2006). Inx2 interacts with adherens and septate junction proteins
(Bauer et al., 2004) and heteromerizes with Innexin3 to form gap
junction channels required for epithelium morphogenesis (Leh-
mann et al., 2006; Stebbings et al., 2000). In addition, Inx2 was
recently shown to be involved in Caþ þ wave propagation during
wound healing (Razzell et al., 2013), transport of GDP-L-fucose in
wing imaginal disc (Ayukawa et al., 2012) and CNS development
(Holcroft et al., 2013).
Expression of a few innexin mRNAs has been reported in pig-
ment cells during pupal eye development (Stebbings et al., 2002)
but their functional signiﬁcance remains elusive. Here we show
that removing inx2 expression during larval eye development
speciﬁcally interferes with Dpp signalling in the eye disc, de-
monstrating a connection between gap junction proteins and
morphogen signalling during Drosophila eye development.2. Materials and methods
2.1. Fly strains
Flies were kept on standard medium at 25 °C. The following ﬂy
stocks were used: OregonR, white1118 and a inx2 null mutant line (P
(wþ) line l(1)G0016 isolated by screening the Göttingen X-chro-
mosome collection of P lines (Peter et al., 2002), also known as
kropf P16 allele (Bauer et al., 2002). This allele was recombined on
a FRT19A chromosome. For jump-out, the P16-carrying females
were crossed with the males carrying a Δ2-3 transposase source
and white-eyed ﬂies were selected out of the crossing. We then
obtained a w ΔP16 FRT19A/FM7i stock that was veriﬁed not to
complement the original P16 locus. In addition, the molecular
deletion was characterized and shown to eliminate the mini-white
transgene but not modifying the insertion site of the P-element.
For producing nearly complete mutant eyes, the EGUF/hid
technique was applied (Stowers and Schwarz, 1999). yw GMR-hid
FRT19A, l(1)CL[1]/FM7a; eyFLP females (adapted from (Stowers and
Schwarz, 1999), a gift of N. Bulgakova, Cambridge, UK) were
crossed with males of the genotype w ΔP16 FRT19A/ Dp(1;Y) ctþ
yþ (this duplication is available e.g. in Bloomington #5280) for
producing inx2 mutant eyes or w FRT19A/Y for control eyes. To
analyse eye discs of larvae, we crossed females carrying a green
balancer: yw GMR-hid FRT19A, l(1)CL[1]/FM7 KrGal4 UAS-GFP; eyFLP
with males w ΔP16 FRT19A/ Dp(1;Y) ctþ yþ for producing inx2
mutant discs or w FRT19A/Y for control discs and selected femalethird instar larvae without GFP expression under a Zeiss Discovery.
V8 binocular.
For producing small inx2 mutant clones for stainings in the eye
discs, females of the genotype Ubi-mRFP.nls w hsFLP FRT19A
(Bloomington #31418) were crossed to w ΔP16 FRT19A/ Dp(1;Y)
ctþ yþ males and heat-shocked twice for 2 h at 37.8 °C on day
2 and 3 after egg laying. For measuring the size of inx2- clones and
their twin clones, a single heat-shock of 1 h was performed on day
3 after egg laying. Alternatively, we also crossed a P16(wþ) FRT19A/
FM7c stock with w eyFlp FRT19A to produce small clones for semi-
thin sections and electronic microscopy pictures (Fig. 3C and D).
For overexpression, we used two insertions of UAS-inx2-Myc
(Bauer et al., 2006) and the inx2 RNAi UAS-Wiz Inx2 (Lechner et al.,
2007). Expression of the Myc-tagged constructs was veriﬁed in the
eye disc.
Following Gal4 drivers were used in this study: eyGal4 (Bloo-
mington #8227), eyaGal4 (Bui et al., 2000), so(10)Gal4 (gift fromM.
Atkins and G. Mardon, Houston/TX, USA), elavGal4 (Bloomington
#8760), rstGal4 (a gift from E. Knust, Dresden, Germany), 54Gal4 (a
gift from E. Knust, Dresden, Germany), GMRGal4 (Bloomington
#8605), DEGal4 (Palanker et al., 2006) (a gift from G. Halder,
Houston/TX, USA).
In addition, following lines were used: UAS-p35 (Bloomington
#6298), Df(3 L)H99 (Bloomington #1576), dpplacZ BS3.0 (Bloo-
mington #5527), hhlacZ P30 (Bloomington #5530), UAS-Thickveins
Q253D (Lecuit et al., 1996) (a gift from S. Cohen, Singapore), exon
trap line tkv-YFP (w1118; PBac{544.SVS-1}tkvCPTI002487) from
Kyoto #115298 (a gift of M. O’Connor, Minneapolis/MN, USA), tkv
RNAi (VDRC #3059), medea RNAi (VDRC # 19688 and 19689), punt
RNAi (VDRC #849), UAS-Dpp (Bloomington #1486), UAS-GFP
(Bloomington #4775).
2.2. Antibodies, immunoﬂuorescence analyses and imaging
Dissection of pupal eyes from staged pupae and staining was
performed as previously described (Richard et al., 2006). Larval
eye discs were dissected in PBS and ﬁxed for 1 h in 4% PFA. After an
overnight incubation with primary antibodies in PBS Tween 0,1%
BSA 0,1% discs were washed in PBS Tween 0,1% and incubation was
pursued in secondary antibodies in PBST BSA 0,1% for 2 h before
mounting in Fluoromount-G (with or without DAPI, Southern
Biotech, Birmingham, AL). Primary antibodies were as follows:
anti-Innexin2 (rabbit or guinea pig, 1:50) (Bauer et al., 2004;
Bohrmann and Zimmermann, 2008), anti-DE-cadherin (goat, 1:10;
Santa Cruz Biotechnology), anti-GFP (mouse, 1:100; Santa Cruz
Biotechnology), anti-RFP (mouse or rabbit, 1:100 and 1:500 re-
spectively, Abcam), anti-activated Caspase3 (rabbit, 1:20, Cell Sig-
nalling), anti-phospho-Histone H3 (mouse, 1:500, Cell Signalling),
anti-full-length Ci (2A1, rat, 1:3, DSHB), anti-Cad86C (rabbit,
1:10,000, gift from C. Dahmann, Dresden, Germany), anti-βGal
(rabbit, 1:2,000, Cappel), anti-elav (rat or mouse, 1:20, DSHB),
22C10 (mouse, 1:20, DSHB), anti-Cyclin B (mouse, 1:20, DSHB),
anti-Dac (mouse, 1:500, DSHB), anti-Eya (mouse, 1:10, DSHB), anti-
phosphoMad (rabbit, 1:1,000, gift from P. ten Dijke, Leiden, Neth-
erlands), anti-Myc (mouse or rabbit, 1:50, Santa Cruz Biotechnol-
ogy), anti-Punt (rabbit, 1:200, Abcam), anti-Hth (goat, 1:50, dG20,
gift from Henry Sun, Taiwan, also available at Santa Cruz Bio-
technology), anti-Arm (mouse, 1:20, DSHB).
Secondary antibodies recognising different species were
bought coupled to Alexa Fluor 488 (1:200; MoBiTec, Goettingen,
Germany), Cy3 (1:200; Dianova, Hamburg, Germany), and Alexa
Fluor 633 (1:200, MoBiTec, Goettingen, Germany). For detecting
F-actin, Phalloidin Alexa Fluor 488 (1:100, Molecular Probes, In-
vitrogen) was added with the secondary antibodies.
Fluorescent images were recorded using a confocal microscope
(Zeiss LSM 710), and images of multilabeled samples were
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cessed with the Adobe Photoshop software. For producing the
intensity plots of pMad, Punt, Hth, dpplacZ or TkvYFP levels, we
used the “Interactive 3D surface plot” Plugin from the ImageJ
freeware (http://imagej.nih.gov/ij).
Pictures of adult eyes were taken with an Olympus AX70 bi-
nocular. Image processing and eye measurements were performed
with ImageJ and Adobe Photoshop. To measure adult eye size, the
dorso-ventral length on its longer segment (from the top to the
bottom of the eye) was measured. Control eyes measured values
were considered as 100%. For calculating the mitotic index, the
number of phospho-Histone H3 positive cells in the anterior
compartment (anterior to the furrow) of EGUF inx2 or control ﬂies
(Fig. 3K) was multiplied with the magniﬁcation squared and di-
vided by the surface of the anterior compartment. Alternatively,
for Inx2 overexpression or downregulation of inx2, the counts
were performed in the dorsal area of the anterior compartment
and compared to those of the anterior ventral area (Figs. 3L, M and
S1B, C).
For measuring the size of inx2- clones and their corresponding
twin clones (Fig. S1D–D‴, E–E‴ and F) we used the area measuring
tool of ImageJ. We checked that the area of the clone corresponded
to its number of cells, counting the cells of each clone/twin clone
using the DAPI staining (nuclei) or the DE-Cadherin staining (cell
membranes).
Statistical analyses were done using Microsoft Excel and the
GraphPad freeware (www.graphpad.com).
2.3. Semi-thin sections and transmission electron microscopy
Sections were prepared according to (Tepass and Hartenstein,
1994) with modiﬁcations. In brief, 0.1 M phosphate buffer (pH 7.4)
was used to ﬁx bisected heads in 25% glutaraldehyde, followed by
simultaneous ﬁxation in 1% osmium tetroxide/2% glutaraldehyde,
followed by 2% OsO4. After dehydration, eyes were embedded in
Araldite, and semi-thin (2.5 μm) sections were cut on a Leica
RM2255 microtome and stained with toluidine blue. Ultrathin
sections (0.1 μm thick) were contrasted and analysed with a Zeiss
LIBRA 120. Imaging was done in Adobe Photoshop.
2.4. Quantitative real-time RT-PCR
For RNA isolation, we collected 30–60 3rd instar eye discs
(without antennal discs) in lysis buffer. Total RNA was isolated
using the NucleoSpin RNA II kit (Macherey & Nagel). RNA con-
centration was measured with a NanoDrop spectrophotometer
(Thermo Scientiﬁc). For ﬁrst strand cDNA synthesis, 7100 ng of
total RNA was transcribed using the QuantiTect Reverse Tran-
scription Kit (Qiagen) including DNaseI treatment and following
supplier’s protocol. Real-time PCR was performed with iQ SYBR
Green Supermix (Biorad) and analysed on a CFX Connect Real-time
PCR Detection System (Biorad). cDNA samples were run in tripli-
cates. Average CTs were used to analyse the expression levels with
the 2(ΔΔCT) method (Livak and Schmittgen, 2001). Experiments
were repeated with at least 3 different RNA samples. Expression
analysis was performed using CFX Manager software (Biorad) and
Microsoft Excel. Actin 5C and ribosomal protein L32 were used as
reference genes. Primer selection was done using Primer 3 plus
(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.
cgi/) and primers were selected to analyse all possible transcripts
and to lie outside of the region targeted by the RNAi.
Following oligonucleotides were used: ribosomal protein L32
forward CTAAGCTGTCGCACAAATG, ribosomal protein L32 reverse
GTTCGATCCGTAACCGATGT, actin5C forward GTGCACCG-
CAAGTGCTTCTAA, actin 5C reverse TGCTGCACTCCAAACTTCCAC,
medea forward TGTGCGTAAAGAAGGAGGTG, medea reverseCGACTTGAACTCCCACAAAG, thickveins forward TACGCCCTGCCC-
TATCAC, thickveins reverse GAAACCCTTTACGCACACAAC, punt
forward TTCCTGGGCGTTGAGAAG, punt reverse TCGTGTGCGATTT-
GAGGTAG, mad forward TCCACTGCAACAACAACTCC, mad reverse
CGATGGTGCTATTCCTGTTC.3. Results
3.1. inx2 controls eye size
In order to analyse Inx2 function in the eye, we took advantage
of a described inx2 null allele (Bauer et al., 2002) and used the
EGUF technique to obtain whole eyes mutant for inx2 (see Material
and Methods). Mutant eyes were strongly reduced in size com-
pared to control eyes (Fig. 1A, B and F). This phenotype was phe-
nocopied by depleting inx2 in the eye using a UAS-Inx2 RNAi
construct (Lechner et al., 2007) under the control of eyGal4 (Fig. 1D
and F). Conversely, expression of a full-length Inx2 transgenic
construct increased eye size (Fig. 1E and F). These results show
that inx2 controls eye size both in gain and loss-of-function
experiments.
To gain further insight into the role of Inx2 in eye size control,
we analysed its protein expression during eye development. In
second larval instar eye discs, we observed a membrane localisa-
tion of Inx2 throughout the disc (Fig. 2A′). In third instar eye discs,
Inx2 was enriched apico-laterally in the disc cells, both anterior to
the morphogenetic furrow and in the accessory cells between the
differentiating ommatidia posterior to the furrow (Fig. 2B′). During
early pupal development (45% p.d.-pupal development), Inx2 was
expressed in interommatidial cells, enriched at the membrane
between secondary and tertiary pigment cells (Fig. 2D′ and E′).
Expression was mainly apico-lateral (Fig. 2E″) but some Inx2 was
present in the pigment cell feet at the ﬂoor plate (Fig. 2F″). During
late pupal development (75–90% p.d.), Inx2 localised to the pig-
ment cells (Fig. 2G′ and H′). These results show that Inx2 is ex-
pressed in all disc cells during larval eye development and that its
expression is restricted to the pigment cells at pupal stages.
To examine the developmental stage at which inx2 is required
for eye size control, we depleted inx2 in eye discs, using UAS-RNAi
inx2 in combination with different Gal4 drivers. Downregulation of
inx2 with eyaGal4 and soGal4, both driving expression early in the
whole eye ﬁeld (Bui et al., 2000; Hazelett et al., 1998; Punzo et al.,
2002), gave rise to small eyes (eyaGal4 UAS-RNAi inx2 62.178.2%
(n¼7) of control eye size eyaGal4/þ 10072.6% (n¼8) and soGal4
UAS-RNAi inx2 84.473.4% (n¼10) of control eye size soGal4/þ
10072.1% (n¼10), both differences being extremely signiﬁcant in
an Unpaired t Test). However, when the inx2 RNAi was expressed
in post-mitotic cells of the larval eye disc with GMRGal4 (Freeman,
1996) or elavGal4 (Yao and White, 1994), we did not observe small
eyes. Similarly, depletion of inx2 in interommatidial cells of the
pupal eye using rstGal4 (Apitz et al., 2004) or 54Gal4 (Lee and Luo,
1999) were not sufﬁcient to elicit a small eye phenotype. These
results suggest that inx2 functions early during development, as
cells still proliferate in the disc.
3.2. inx2 controls proliferation in eye discs
A precisely regulated balance between cell proliferation and
growth on the one hand and apoptosis on the other hand is required
during larval and pupal stages to ensure proper eye development
(Neufeld and Hariharan, 2002). To determine which of these pro-
cesses were affected in inx2 eyes, we ﬁrst examined the phenotype of
adult eyes. Therefore, we prepared semi-thin sections of EGUF con-
trol or EGUF inx2 ﬂy eyes. We observed no difference in the size of
photoreceptor cells or ommatidia (Fig. 3A and B) and the overall
Fig. 1. inx2 controls eye size. A, B: inx2 absence reduces eye size. Picture of a EGUF control (A) or a EGUF inx2 mutant (B) adult eye. C, D, E: inx2 expression level modulates
eye size. Pictures of eyes expressing an inx2 RNAi construct (eyGal4/UAS RNAi inx2 in D) or a full-length Inx2 construct (eyGal4/UAS-Inx2Myc in E) under the control of eyGal4
(eyGal4/þ is the control in C). F: Mean eye size of the genotypes described above (values in the colums: mean7s.d.). The dorso-ventral length on its longer segment (from
the top to the bottom of the eye) was measured. Control eyes measured values were considered as 100%. ***: extremely statistically signiﬁcant in Unpaired t test (Po0.0 01).
Scale bars¼250 μm.
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same observation was made in inx2 knockdown eyes using eyGal4 as
a driver (data not shown). We also made semi-thin sections in eyes
containing small inx2 null clones, marked with the presence of red
pigments in an otherwise white background, and observe no differ-
ence in the morphology or the size of inx2 ommatidia in comparison
to control (data not shown). Electron microscopic analysis of the
latter revealed no difference (Fig. 3C and D).
The apoptosis rate was not increased in the absence of inx2. Eye
discs mutant for inx2 did not show an increased staining for ac-
tivated caspase 3 in comparison to controls (Fig. 3E′ and F′). Nor
were we able to rescue eye size (a) by overexpressing UAS-p35
(Fig. 3G and H) or (b) by bringing a copy of the hid rpr and grim
deﬁciency Df(H99) in the inx2 knockdown background (data not
shown). During pupal development, apoptosis of supernumerary
interommatidial cells took place correctly in inx2mutant eyes (Fig.
S1A) (Carthew, 2007).
We also examined whether inx2 was required for cell anabolism
in the eye disc. Insulin-like peptides are known to regulate anabolic
metabolism in Drosophila (Geminard et al., 2006). Real-time PCR
expression of two Insulin-pathway target genes (4EBP and Insulin
Receptor described in Jünger et al. 2003; Puig et al. 2003) revealed no
difference between inx2 and control eye discs, suggesting that inx2
mutant cells are completely apt for growth (data not shown).
We then examined cell proliferation in the eye disc. We ob-
served a decreased cell proliferation in third-instar inx2 mutanteye discs after counting the number of cells positive for the me-
taphase marker phospho-H3 histone (Fig. 3I′ and J′). The mitotic
index in the anterior compartment of third-instar inx2 or control
eye discs is depicted on Fig. 3K. We also used the DEGal4 driver to
express the inx2 RNAi only in the dorsal half of the eye (Morrison
and Halder, 2010). As in the mutant, we observed a decrease in cell
proliferation in the anterior compartment of inx2 knockdown eyes
as we compared the dorsal (reduced inx2 expression) with the
ventral (wild-type inx2 expression) phospho-H3 histone counts
(Fig. S1B and C″). In addition, we observed that inx2- clones ob-
tained in 2nd instar eye discs as well as in the anterior compart-
ment of 3rd instar eye discs were smaller in size in comparison to
their twin clones (Fig. S1D–D‴, E–E‴ and F), showing that inx2
controls proliferation cell autonomously during eye disc develop-
ment. Overexpression of the full-length Inx2 construct with DE-
Gal4 led to increased counts of phospho-H3 histone positive cells
in the dorsal part of the eye (Fig. 3L and M), showing that both
inx2 loss- and gain-of-function control proliferation in the anterior
compartment of third instar eye discs.
3.3. inx2 controls morphogenetic furrow movement and photo-
receptor differentiation
Photoreceptor cell differentiation in the eye disc is preceded by
the formation of a morphogenetic furrow (MF), which progresses
across the epithelium from posterior to anterior. Cells within the
Fig. 2. Expression of Inx2 during Drosophila eye development. Optical sections of wild-type larval or pupal eye discs. A–A″: late second instar eye disc stained for F-actin (green, A) and Inx2
(magenta, A’) showing a cortical localisation of Inx2. B–B″: cross-section at the apical side of disc proper cells in a third instar eye disc stained for DE-Cadherin (green, B) and Inx2 (magenta,
B’). Photoreceptor cell clusters are recruited posterior to the furrow (arrowhead in B and B”) and Inx2 accumulates between the clusters (in the future pigment cells, the interommatidial
cells, asterisk in B’ and B”). Anterior to the furrow (mf), Inx2 is localised cortically (arrow in B’ and B”). C–C″: The same disc sector as in B–B″ but at the basal side of the cells showing a
reduced Inx2 staining (C′). D–D″, E–E″ and F–F″: optical sections through a pupal eye at about 45–50% pupal development stained for F-actin (green) and Inx2 (magenta). D–D″: cross
section. F-actin highlights the forming rhabdomeres (arrowhead) of the photoreceptor cells (asterisks) in D. Secondary (sp) and tertiary (tp) pigment cells as well as bristle cells (b) are
located between each photoreceptor cell cluster (D). Inx2 (D′) accumulates at the contact point between secondary and tertiary pigment cells and to a minor extent between secondary
pigment cells and bristle cells (D″). E–E″: longitudinal section of the pupal eye displaying photoreceptor cell clusters (arrowheads) ensheathed in pigment cells (p). Inx2 (E′) is expressed in
the pigment cells and accumulates apically (arrow in E″) in those cells. F–F″: cross section at the retinal ﬂoor plate showing the regular arrangement of the pigment cell feet (p) expressing
Inx2 (F′), between the photoreceptor cell clusters (arrowheads in F). G–G″ and H–H″: optical sections of late pupal eyes (ca. 90% p.d.) stained for F-Actin (green) and Inx2 (magenta). G–G″:
cross section at the level of the cone cells (cc). Inx2 (G′) is expressed in themembrane of primary pigment cells (pp) and in secondary, tertiary pigment and bristle cells (sp, tp and b).H–H″:
longitudinal section through the retina, cornea is to the left (c). Inx2 localises in the pigment cells (p, H′) between the photoreceptor cell clusters (arrowheads in H). All scale bars¼10 μm.
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Fig. 3. inx2 controls proliferation in the eye disc. A, B: Semi-thin sections of EGUF control and EGUF inx2 adult eyes. Morphology and ommatidium size is not affected in inx2
mutant eyes. Scale bar¼10 μm. C, D: Ultra-thin sections of a control or inx2 mutant ommatidium from the genotype w P16(wþ) FRT19A/w FRT19A;eyFLP (details see Material
and Methods). The control ommatidium is white while the inx2 ommatidium is dark red (see pigment granules (arrowhead) on the photo). Scale bar¼1 μm. E, E′, F, F′:
Optical sections of third instar EGUF control (E, E′) or EGUF inx2 (F, F′) larval eye discs stained with DE-Cadherin (E,F) and activated caspase 3 (E′, F′) monitoring apoptotic
cells. Scale bar¼50 μm. G, H: Adult eye pictures of eyaGal4 UAS RNAi inx2 (G) and eyaGal4 UAS RNAi inx2 UAS p35 (H). Overexpression of p35 does not rescue the small-eye
phenotype. Scale bar¼250 μm. I–K: Proliferation in third instar eye discs is decreased in the absence of inx2. I, I′, J, J′: Optical sections of third instar EGUF control (I, I′) or
EGUF inx2 (J, J′) larval eye discs stained with DE-Cadherin (I,J) and phospho-histone H3 (I′, J′) monitoring proliferating cells. Scale bar¼50 μm. K: Mitotic index anterior to the
morphogenetic furrow in eye discs of third instar EGUF control (left column) or EGUF inx2 (right column) ﬂies. Values in the columns indicate mean7s.e.m. and number of
discs (n). ***: extremely statistically signiﬁcant in Unpaired t test (Po0.001). L, M: Proliferation in third instar eye discs is increased upon overexpression of inx2. L: Optical
section through a third instar larval eye disc overexpressing the full-length Inx2 construct tagged with Myc (red) in the dorsal compartment of the disc (with DEGal4). DE-
Cadherin is stained in blue and phospho-histone H3 is green. Scale bar¼50 μm.M: Mitotic index anterior to the morphogenetic furrow in DEGal4 UASInx2Myc eye discs. Left
column represents mean7s.e.m. of pH3 histone counts in the ventral control area of the discs while right column is mean7s.e.m. of counts in the dorsal Inx2 over-
expression area. n, number of discs; *, statistically signiﬁcant in Unpaired t test (Po0.05).
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Fig. 4. Morphogenetic furrow movement and photoreceptor cell differentiation are affected in inx2 eye discs. A, A′: Optical section in a third instar eye disc knock-down for
inx2 in the dorsal area (DEGal4 UAS RNAi inx2) and stained for Inx2 (A) and DE-Cadherin (A′). Inx2 is expressed normally in the ventral eye area (A) but reduced in the dorsal
eye area (A, asterisk). Furrow is delayed in the knock-down area (compare arrowhead positions in A’). Scale bar¼50 μm. B, B′: Optical sections in inx2 null clones (lacking RFP
expression, B’) in 3rd instar larval eye discs at the furrow (stained with DE-Cadherin B and B′). Posterior is to the top, anterior to the bottom, furrow is shown with
arrowhead. Note the decreased DE- Cadherin staining in the clones. Scale bar¼50 μm. C–C‴: Optical sections in inx2 null clones (lacking RFP expression, red, C′) in 3rd instar
larval eye discs (stained with DE-Cadherin, blue, C). Posterior is to the left, anterior to the right. Photoreceptor cell differentiation (elav, C″, green) is delayed in the large inx2
clone covering the furrow (asterisk in C′). Compare the differentiation front in the clone (lower arrowhead in C‴) with that outside of the clone (upper arrowhead in C‴).
Scale bar¼50 μm. D–D‴: Optical sections in inx2 null clones (lacking RFP expression, red, D′) in 3rd instar larval eye discs (stained with DE-Cadherin, blue, D). Furrow (DE-
Cadherin, D) and photoreceptor cell differentiation (22C10, D″, green) are delayed in the large inx2 clone covering the furrow (arrowheads in D″ and D‴). Scale bar¼25 μm.
E–E‴: Optical section in a third instar eye disc knock-down for inx2 in the dorsal area (DEGal4 UAS RNAi inx2) and stained for elav (E″), Inx2 (E′) and DE-Cadherin (E). Less
photoreceptor cells are observed in the dorsal knock-down area (above the line in E″). Scale bar¼50 μm.
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axis (Ready et al., 1976). They accumulate DE-Cadherin at the
apical constriction site, which is a good marker to follow the MF.
We observed a delay in the movement of the MF in inx2 knock-
down eyes (DEGal4 UAS RNAi inx2) when comparing the dorsal
(reduced inx2 expression) with the ventral (wild-type inx2 ex-
pression) domain (Fig. 4A and A′). Similarly, inx2- clones, marked
by the absence of RFP staining, displayed a delayed furrow and a
decreased DE-Cadherin staining and this only when the clone is
located anterior to or in the furrow (Fig. 4B and B′).
As a consequence of the observed reduced furrow pace, neu-
ronal differentiation was somewhat retarded, especially in the
middle of large clones (Fig. 4C–C‴ and D–D‴). Similarly, the overallrecruitment of ommatidia in the dorsal part of DEgal4 UAS-RNAi
inx2 eyes was delayed, as observed by the reduced number of elav-
positive cells in this domain of the eye disc (Fig. 4E″).
Together, these results suggest that Inx2 controls size of the eye
not only by sustaining proliferation in the anterior part of the eye
disc but also by determining the speed of furrow movement and
thereby the amount of differentiating ommatidia.
3.4. inx2 is required for Dpp signalling during eye disc development
Considering the different phenotypes observed in inx2 mutant
or knock-down eye discs, we seeked to analyse which signal
transduction pathway could be affected in its absence.
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were obvious candidates. Dpp has a proliferative role in ﬁrst and
second instar eye discs (Burke and Basler, 1996; Masucci et al.,1990) and promotes eye disc growth until the third larval stage
(Firth et al., 2010). Hh and Dpp also play a role in the initiation and
propagation of the MF (Heberlein et al., 1993; Ma et al., 1993;
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the eye disc and then in differentiating PRCs (Lee et al., 1992; Ma
et al., 1993). Hh signals to induce Dpp expression at the furrow
(Blackman et al., 1991; Heberlein et al., 1993; Masucci et al., 1990).
Loss of Hh or Dpp signal transduction delays furrow movement
and photoreceptor differentiation (Curtiss and Mlodzik, 2000;
Domínguez and Hafen, 1997; Fu and Baker, 2003; Greenwood and
Struhl, 1999). As a consequence, mutations that decrease Hh or
Dpp expression or signalling in the eye primordia lead to the
formation of severely reduced eyes (Blackman et al., 1991; Lee
et al., 1992; Marinho et al., 2013; Masucci et al., 1990; St Johnston
et al., 1990; Thomas and Ingham, 2003).
We analysed both pathways in eye discs and found that acti-
vation of the Hh pathway was not affected during PRCs differ-
entiation in inx2 disc cells. In the absence of Hh signalling, the
transmembrane receptor Patched is known to inhibit the trans-
membrane protein Smoothened and the transcription factor Cu-
bitus interruptus (Ci) is cleaved. Full-length Ci accumulates in the
cell cytoplasm and translocates to the nucleus only when Hh binds
to Patched (Aza-Blanc et al., 1997; Motzny and Holmgren, 1995).
We observed that full-length Ci was mainly enriched at the MF (as
observed by Greenwood and Struhl, 1999) but not modiﬁed upon
inx2 depletion (Fig. S2A–A‴). We also looked at hh transcriptional
regulation in the eye disc. hhlacZ was expressed posterior to the
furrow as seen in (Ma et al., 1993) and inx2 downregulation did not
modify hh transcription (Fig. S2B–B‴).
However, the amount of phosphorylated Mad protein (Raftery
et al., 1995; Sekelsky et al., 1995), a transcription factor phos-
phorylated upon activation of the Dpp pathway at the MF (Vrailas
and Moses, 2006), was reduced considerably when inx2 was
downregulated with DEGal4 (Fig. 5A′). pMad is known to accu-
mulate in a broad band of cells anterior to and within the MF, and
in a second stripe of more intensely-labelled cells around columns
3 and 4 at the posterior edge of the furrow (Firth et al., 2010).
Within the dorsal inx2 knockdown area, both stripes were strongly
reduced in intensity (Fig. 5A‴).
To explore which steps of the Dpp pathway were affected upon
inx2 depletion, we analysed expression of both type-I and type-II
Dpp receptors in eye discs. We monitored Thickveins expression,
one of the type-I Dpp receptor (Brummel et al., 1994; Nellen et al.,
1994; Penton et al., 1994), using a exon trap insertion (Tkv-YFP)
that reﬂects Tkv endogenous levels (Marinho et al., 2013; Yuva-
Aydemir and Klämbt, 2011). In third instar eye disc control cells,
Tkv-YFP was enriched at the MF and expressed at lower levels both
anterior and posterior to the furrow (ventral area, Fig. 5B″). Upon
inx2 downregulation, Tkv-YFP levels were slightly downregulated
in the anterior undifferentiated area but not modiﬁed at the MF or
in differentiated photoreceptor cells posterior to the furrow
(Fig. 5B‴). We also analysed Punt expression, the type-II Dpp re-
ceptor (Childs et al., 1993; Letsou et al., 1995; Ruberte et al., 1995;
Wrana et al., 1994), upon inx2 depletion. In third instar eye discFig. 5. Dpp signalling is affected in inx2 eye discs. Optical sections through 3rd instar eye
all panels inx2 knock-down area is dorsal (to the top) and control area is ventral (to th
(green, A′) are decreased upon inx2 downregulation (dorsal area). DE-Cadherin, blue (A).
in the dorsal eye disc area at the furrow (colours follow a thermal scale: blue is the lowes
Mad in the peripodial epithelium. B–B‴: Thickveins-YFP exon trap expression (B″) is dec
ventral eye disc area, Tkv-YFP expression is enriched at the furrow and expressed at low
Tkv-YFP levels are decreased, but only in the anterior undifferentiated area (pixel intens
dorsal compartment when inx2 expression is reduced (pixel intensity in C‴). In the contr
Fig. S2G″). D–D‴, E–E‴: Cell cycle is affected in the inx2 knock-down area. E–E‴ is a close-
′) and Cyclin B (green, D″, E″). The G1 arrest in front of the furrow is delayed when inx
anterior compartment (arrowhead in E″) (D‴, E‴). A second stripe of staining is obser
Homothorax (Hth) expression is derepressed upon inx2 downregulation. Eye discs were s
in F″ and F‴), Inx2 (red, F′) and Hth (green, F″). A pixel intensity plot of Hth is shown in F
in F″) and its expression is repressed in front of the furrow (unstained area of the ventral
expression is slightly derepressed: the unstained area of the dorsal anterior compartmen
area (black arrowhead in F‴).control cells, Punt was expressed at high levels in all cells both
anterior and posterior to the furrow (Fig. S2G″ and ventral area of
Fig. 5C″). Upon inx2 downregulation, Punt levels were strongly
diminished in the whole dorsal part of the eye disc (Fig. 5C‴).
These results show that inx2 is required for activation of the Dpp
pathway at the MF and for expression of Dpp receptors, Tkv and
Punt.
To conﬁrm that inx2 decreases Dpp pathway activation, we
analysed Dpp-dependent activities during eye disc development.
Prior to differentiation, Dpp is required to stop cells from pro-
liferating excessively in order to be recruited in the MF, the so-
called G1 arrest (Horsﬁeld et al., 1998). To monitor proliferating
cells, we analysed expression of Cyclin B (Evans et al., 1983;
Knoblich and Lehner, 1993). In the eye disc, Cyclin B accumulates
anterior to the furrow and is degraded in front of the furrow when
cells arrest in G1 (Fig. 5D″ and E″, ventral area) (Horsﬁeld et al.,
1998). We observed a delayed G1 arrest upon inx2 depletion
(dorsal area in Figs. 5D″, 5E″ for a close-up), as observed in clones
affecting dpp signalling (Firth and Baker, 2005; Firth et al., 2010;
Penton et al., 1997). We also analysed the expression of Homo-
thorax (Hth), a transcription factor required for proliferation of
cells in the anterior disc compartment and the expression of which
is repressed by Dpp in front of the furrow (Bessa et al., 2002; Lopes
and Casares, 2010; Pai et al., 1998; Pichaud and Casares, 2000). We
observed a weak derepression of Hth in the anterior eye disc
compartment upon inx2 downregulation (Fig. 5F–F‴) as well as in
inx2 clones (Fig. S2C–C‴). As observed in mad- or tkv- clones, de-
repression of Hth was limited to the most anterior region of the
clone (Fig. S2C–C‴) (Bessa et al., 2002; Lopes and Casares, 2010).
Dpp also controls apical constriction and apico-basal short-
ening of cells in the MF (Heberlein et al., 1995; Schlichting and
Dahmann, 2008; Vrailas and Moses, 2006). Dpp signalling induces
expression of Cadherin 86C, a MF-speciﬁc Cadherin whose ectopic
expression resulted in apical constriction and shortening of cells in
the eye disc (Schlichting and Dahmann, 2008). Consistently, ex-
pression of Cadherin 86C was strongly reduced in the MF of inx2-
clones (Fig. S2D–D‴). Dpp signalling is also known to contribute to
activation the sine oculis (so), eyes absent (eya), and dachshund
(dac) genes, three genes of the retinal determination network
(Bessa et al., 2002; Chen et al., 1999; Curtiss and Mlodzik, 2000).
We observed a slight reduction of Dac (Fig. S2E′) and Eya (Fig. S2F
″) expression upon inx2 downregulation as observed in cells de-
ﬁcient for Dpp signal transduction (Firth and Baker, 2009). These
results show that inx2 is required for the dpp-dependent G1 arrest
at the furrow and for expression of Dpp-induced genes.
Taken together, our results show that Inx2 is required for the
activation of the Dpp pathway in the eye disc and for expression of
Punt and Thickveins, its two receptors. Consequently, we observed
a delay in G1 arrest, a derepression of Hth and a decrease in the
expression of Dpp-induced genes in inx2 depleted eyes.discs of DEGal4 UAS RNAi inx2 ﬂies. Posterior is to the left, ventral to the bottom. In
e bottom). Scale bars¼50 μm. A–A‴: At the furrow, both stripes of pMad staining
A‴: Pixel intensity plot of the pMad staining showing the decreased pMad activation
t intensity, red the highest). The pMad signal around the eye disc shows activation of
reased in the anterior compartment when inx2 expression is reduced. In the control
er levels anterior and posterior to the furrow. In the dorsal inx2 knock-down area,
ity of Tkv-YFP depicted in B‴). C–C‴: Punt expression (C″) is decreased in the whole
ol ventral eye disc area, Punt is expressed at high levels in all eye disc cells (also see
up view of D–D‴. Eye discs were stained for DE-Cadherin (blue, D, E), Inx2 (red, D′, E
2 expression is reduced, proliferating cells are observed closer to the furrow in the
ved posterior to the furrow, the second mitotic wave (D″, E″ ventral area). F–F‴:
tained for Armadillo (to visualise the furrow, blue, in F also depicted as a dashed line
‴. Hth is expressed in the proliferating cells of the anterior eye disc compartment (*
anterior compartment, F″). Upon inx2 depletion (above the line in F′, F″ and F‴), Hth
t (white arrowhead in F‴) is smaller than the wild-typic unstained anterior ventral
Fig. 6. inx2 interacts with the Dpp pathway to control eye size and differentiation. A, B: Percentage of eye size in comparison to controls. Left eye size of single ﬂies was measured. Each dot
in the graph represents the percentage of ameasured single ﬂy eye size in comparison to themeasuredmean control eye size value (eyaGal4, 100%). Expected eye size for genetic interaction
was obtained by multiplying the means of observed eye values and is depicted as a black horizontal bar. inx2 depletion aggravates the small eye phenotype observed after Dpp pathway
downregulation and Inx2 expression rescues it. C: percentage of adult ﬂies possessing no, 1 or 2 eyes (n¼number of ﬂies examined). Downregulation of inx2 increases number of ﬂies
lacking eyes while overexpression of Inx2 ameliorates the phenotype.D–D′ to I–I′: Optical sections through 3rd instar eye discs stained for elav (green),DE-cadherin (blue) and phosphoMad
(red). Posterior is to the left, ventral to the bottom. All pictures were taken with same magniﬁcation (scale bar, valid for D–I¼50 μm) and same confocal intensity settings. D′–I′ are pixel
intensity plots of the phosphoMad staining inwhich staining intensity follows a thermal scale. Higher magniﬁcations of the phosphoMad intensity plot at the morphogenetic furrow (white
rectangles in D′–I′) are presented on the right side of each D′–I′ panel. Depletion of inx2 aggravates the differentiation delay observed upon Dpp pathway downregulation. Description of the
genotypes: eyaGal4 (w;eyaGal4/þ), eyaGal4 UAS Inx2 (w;eyaGal4/þ ;UAS-Inx2-Myc/þ), eyaGal4 UAS RNAi inx2 (w;eyaGal4/þ ;UAS-RNAi inx2/þ), eyaGal4 UAS RNAi medea (w;eyaGal4/UAS RNAi
medea or w;eyaGal4/þ;UAS-RNAi medea/þ), eyaGal4 UAS RNAi tkv (w;eyaGal4/UAS RNAi tkv), eyaGal4 UAS RNAi punt (w;eyaGal4/UAS RNAi punt), eyaGal4 UAS RNAi medea UAS RNAi inx2 (w;
eyaGal4/UAS RNAi medea;UAS RNAi inx2/þ orw;eyaGal4/þ ;UAS-RNAi medea/UAS-RNAi inx2), eyaGal4 UAS RNAi punt UAS RNAi inx2 (w;eyaGal4/UAS RNAi punt;UAS RNAi inx2/þ), eyaGal4 UAS
RNAi tkv UAS RNAi inx2 (w;eyaGal4/UAS RNAi tkv;UAS RNAi inx2/þ), eyaGal4 UAS RNAi medea UAS Inx2 (w;eyaGal4/UAS RNAi medea;UAS Inx2-Myc/þ or w;eyaGal4/þ ;UAS-RNAi medea/UAS-
Inx2-Myc), eyaGal4 UAS RNAi punt UAS Inx2 (w;eyaGal4/UAS RNAi punt;UAS Inx2-Myc/þ). We also veriﬁed that the number of UAS transgenes expressed in a ﬂy had no effect on eye size by
comparing mean adult eye size of eyaGal4 UAS RNAi inx2 (6372.4% of control, n¼12) with mean eye size of eyaGal4 UAS RNAi inx2 UASGFP (6574.3% of control, n¼15) and found no
signiﬁcant difference in a Unpaired t Test.
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Fig. 7. Depletion of inx2 rescues defects caused by overactivation of the Dpp pathway in the eye. A–F: Pictures of adult eyes expressing the UAS-inx2 RNAi (B) or a constitutively active form
of Thickveins UAS-TkvQ253D (C, D) or both (E, F) under the control of eyaGal4 (control in A). Depletion of inx2 rescues eye phenotype due to overactivation of the Dpp pathway. Scale
bars¼250 μm. G, G′ andH, H′: Optical sections through 3rd instar eye discs stained for elav (green), DE-cadherin (blue) and phosphoMad (red). Posterior is to the left, ventral to the bottom.
All pictures were taken with same magniﬁcation (scale bar, valid for G and H¼50 μm) and same confocal intensity settings. G′–H′ are pixel intensity plots of the phosphoMad staining in
which staining intensity follows a thermal scale. Depletion of inx2 in eyaGal4 UAS-TkvQ253D discs rescues pMad staining and differentiation in the posterior part of the disc.
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Fig. 8. inx2 modulates dpp and punt transcriptional regulation in the eye disc. A–A‴: Optical sections of a third instar DEGal4 UAS RNAi inx2 eye disc. Transcription of dpp is
decreased in the inx2 knock-down area (dpplacZ, βgal staining in A', green). Compare the width and intensity of the stripe in the dorsal (inx2) vs. ventral (control) eye disc
area (arrowheads). Inx2 is red in (A). A‴: Pixel intensity plot of the dpplacZ staining (colours follow a thermal scale: blue is the lowest intensity, red the highest). Posterior is
to the left, ventral to the bottom. Scale bar¼50 μm. B: Quantitative real-time PCR analysis of punt transcript levels in inx2 mutant eye discs (EGUF inx2) or controls (EGUF
control). we also analysed transcripts in discs depleted for inx2 (eyaGal4 UAS RNAi inx2), overexpressing inx2 (eyaGal4 UAS inx2) or expressing a constitutively active form of
Thickveins (eyaGal4 UAS-TkvQ253D) or controls (eyaGal4). punt expression follows inx2 regulation. Values in the columns indicate mean7s.d. *, statistically signiﬁcant in
unpaired t test (0.01oPo0.05). ***: extremely statistically signiﬁcant in unpaired t test (Po0.001).
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size and differentiation
Since we observed a decreased activation of the Dpp pathway
in inx2 eye discs, we asked whether changes in eye size observed
in ﬂies with a loss- or gain-of-function in inx2 was depending on
the Dpp pathway. For this, we performed genetic interaction ex-
periments in adult ﬂy eyes. To this end, we used a series of RNAi
expression constructs directed against several genes involved in
the Dpp pathway (the type-I receptor tkv, the type-II receptor punt,
and medea, coding for a Drosophila SMAD protein (Hudson et al.,
1998; Raftery and Wisotzkey, 2008; Raftery et al., 1995)) and drove
their expression in combination with our Inx2 constructs in the
eye.
Eye size of ﬂies expressing the medea or punt RNAi under the
control of eyaGal4 alone or in combination with the inx2 RNAi was
measured. We then compared the observed eye size to the ex-
pected one. To obtain the expected eye size (eye size without ge-
netic interaction), we multiplied the mean eye size values mea-
sured for each single RNAi (Costanzo et al., 2011; Marinho et al.,
2013). Early eye disc expression of the medea RNAi or the punt
RNAi led to small eyes in comparison to controls (Fig. 6A and B,
blue lozenges). Similarly, inx2 downregulation decreased eye size
in comparison to control (Fig. 6A and B, red squares). The expected
eye size value is depicted as a black horizontal bar in Fig. 6A and B
(65% of control eye size for medea RNAi x inx2 RNAi and 63% for
punt RNAi x inx2 RNAi). The majority of medea inx2 RNAi or punt
inx2 RNAi ﬂies (Fig. 6A and B, green triangles) have smaller eyes
than expected, pointing to a negative genetic interaction between
inx2 and the Dpp pathway. Conversely, overexpression of full-
length Inx2 was able to counteract the eye size decrease expected
upon expression of a medea or punt RNAi alone, as the eye size in
eyaGal4 UAS Inx2 expressing medea RNAi or punt RNAi ﬂies was
above the expected eye size (Fig. 6A and B, orange dots above the
black bar).We also observed that depletion of medea or a tkv gave rise to a
small percentage of ﬂies with only one eye or no eyes at all (re-
spectively 15% and 7%, see Fig. 6C). Co-depletion of inx2 in this
background aggravated the phenotype (respectively 58% and 18%
of ﬂies having no or only one eye, Fig. 6C) while overexpression of
a full-length Inx2 transgene rescued eye numbers (7% and 0% of
malformed ﬂies, Fig. 6C).
Further, we examined activation of the Dpp pathway and dif-
ferentiation in eye discs of ﬂies displaying a genetic interaction in
adult eyes. Eye discs depleted for medea were smaller than con-
trols (compare Fig. 6D and E, as seen in (Marinho et al., 2013)),
corroborating the observations we made in adult eyes. The MF in
those discs was often delayed at the disc margins (arrowhead in
Fig. 6E), a consequence of the reduced Dpp signalling (Chanut and
Heberlein, 1997; Marinho et al., 2013; Pignoni and Zipursky, 1997).
We also observed slightly reduced levels of pMad at the furrow
(Fig. 6E′). When inx2 was depleted in those discs, we oftentimes
observed no photoreceptor differentiation and discs remained
very small (Fig. 6H). Moreover, the two stripes of pMad staining
were not present in those eye discs (Fig. 6H′). Eye disc size and
differentiation as well as pMad levels were comparable to controls
in tkv eye discs (Fig. 6F–F′). Upon inx2 depletion in the tkv RNAi
background, eye discs were small and differentiation was delayed,
especially at the margins (Fig. 6I). pMad levels were low and ac-
cumulated predominantly in only one posterior stripe (Fig. 6I′).
We also performed a gain-of-function experiment in the eye, in
which we increased Dpp signalling and asked whether inx2 de-
pletion could ameliorate eye development. Expression of an acti-
vated form of Thickveins (UAS-TkvQ253D, (Lecuit et al., 1996)) with
eyaGal4 gave rise to ﬂies carrying small protrusive eyes (90% of
eyes have a protrusive posterior part, n¼20) (Fig. 7 C and D). In a
few cases, we observed two eyes (Fig. 7D, arrowhead). Differ-
entiation in the eye disc of eyaGal4 UAS-TkvQ253D third instar
larvae was abnormal as we observed enlarged barrel-shaped eye
ﬁelds (stained with elav in Fig. 7G). In addition, pMad levels were
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in those eyes completely rescued morphology (100% of eyes
without protrusions and displaying a wild-typic morphology,
n¼14, see Fig. 7E and F). Rescued eyes resemble eyaGal4 UAS RNAi
inx2 eyes (Fig. 7B), though smaller. In the eye disc of rescued eyes,
we observed a clear recovery of differentiation: elav staining was
restricted at the posterior part of the disc (Fig. 7H) and pMad le-
vels though relatively low were mostly detected at the furrow
(Fig. 7H′ arrowhead).
Our results thus indicate that inx2 interacts genetically with the
Dpp signalling pathway to control eye disc size and differentiation.
3.6. inx2 regulates dpp and punt transcriptionally
We have observed that eye disc inx2 is required for protein
expression of the Dpp receptors Punt and Tkv (Fig. 5B″ and C″). In
the eye disc, Dpp is known to positively regulate its own tran-
scription (Pignoni and Zipursky, 1997) and Dpp signalling is re-
quired for basal expression of pathway components, such as Tkv
(Marinho et al., 2013). We thus asked whether inx2 acts on Dpp
signalling by modulating the transcription of Dpp pathway
components.
We ﬁrst studied dpp transcription upon inx2 depletion. Tran-
scriptional expression of dpp was monitored using dpplacZ during
the course of eye disc development. At L2/early L3 dpplacZ BS3.0
was expressed in the ventral and dorsal margins of the eye disc
proper, as seen in (Cho et al., 2000) and no difference was ob-
served upon inx2 downregulation (data not shown). At L3, dpplacZ
accumulated in the furrow (Blackman et al., 1991) and we ob-
served a narrower stripe of dpp transcription in the dorsal part of
the eye, corresponding to the area where inx2 expression is re-
duced (Fig. 8A′). This stripe is about 4-cell-wide in the dorsal
knock-down area and about 7-cell-wide in the ventral wild-typic
area (Fig. 8A″). In addition, the intensity of the βgal staining was
reduced in the dorsal part as seen in a pixel intensity plot of the
dpplacZ stripe (Fig. 8A‴).
We then examined expression of Dpp pathway genes upon
changes in inx2 expression. To analyse transcriptional regulation of
those genes, we designed real-time PCR primers for medea, mad,
punt and tkv. We then analysed expression of the transcripts in
wild-typic eye discs or in discs overactivating the Dpp pathway
(with eyaGal4 UAS Dpp or eyaGal4 UAS-TkvQ253D). We chose punt
as a read-out since it had the highest basal expression level in
control eye discs (as we also observed with antibody staining in
Fig. 5C″) and the greatest induction rate upon activation of the Dpp
pathway (Fig. 8B and data not shown). We then analysed tran-
scripts from eye discs lacking inx2 expression or in which inx2 was
either depleted or overexpressed. In line with our observations,
the quantity of punt transcripts was strongly decreased in inx2
mutant eye discs and slightly decreased upon inx2 downregulation
(Fig. 8B). Conversely, punt expression was increased after over-
expression of inx2 (Fig. 8B).
Taken together, our results show that inx2 controls eye size by
interacting with the Dpp pathway during early eye disc develop-
ment. inx2 is required for accumulation of pMad at the furrow and
for expression of Punt and Thickveins, the type-I and type-II Dpp
receptors. In addition, inx2 regulates dpp and punt at the tran-
scriptional level in the eye disc, further indicating that gap junc-
tion proteins can exert a transcriptional control on signal trans-
duction pathways (Bauer et al., 2005; Lechner et al., 2007).4. Discussion
Our studies identify the gap junction protein Inx2 as an im-
portant regulator of Drosophila eye development. Itsdownregulation reduces the size of the eye whereas its over-
expression increases eye size. We found that inx2 controls pro-
liferation cell autonomously in larval eye discs and determines the
speed of morphogenetic furrow movement and thereby the
amount of differentiated photoreceptors.
Several lines of evidence indicate that inx2 interacts with the
Dpp signalling pathway during eye development. Upon inx2 de-
pletion, we observed reduced levels of the signalling proteins
pMad, Thickveins and Punt as well as decreased dpp and punt
transcripts in the eye discs (Figs. 5 and 8). In addition, dpp-de-
pendent G1 arrest was delayed and dpp-dependent gene expres-
sion was reduced (Figs. 5 and S2). We also show that inx2 ge-
netically interacts with the Dpp pathway in controlling eye size
and differentiation (Figs. 6 and 7).
We favour a model in which Inx2 is a positive regulator of the
Dpp pathway, since (i) inx2 depletion partially reverted the phe-
notype due to overactivation of the Dpp pathway; (ii) inx2 de-
pletion aggravated the phenotypes observed in medea, punt or
thickveins depleted eyes; (iii) overexpression of Inx2 rescued eye
phenotypes of medea, punt or thickveins depleted eyes and (iv) up-
or downregulation of inx2 levels induced respectively an accu-
mulation or a decrease in punt transcripts in the eye disc.
How could the gap junction protein Innexin2 inﬂuence the Dpp
signalling pathway?
Initially, gap junctions were thought to function solely as
channels, allowing for direct transfer of small hydrophobic mole-
cules between cells (Goodenough et al., 1996, for review). More
recently, it has become clear that hemichannels are also functional
and allow for passage of large molecules between cell cytoplasm
and the extracellular environment, and a growing body of evi-
dence suggests that gap junction proteins inﬂuence tissue homo-
eostasis independently of their channel-forming capabilities
(Dbouk et al., 2009; Vinken et al., 2012). Gap junction proteins
interact with a range of partner proteins that link the channel to
the cytoskeleton and to signal transduction pathways (Hervé et al.,
2012). Some evidence even suggests that gap junction proteins
directly affect gene transcription (Vinken et al., 2012). However,
the exact mechanisms linking gap junction proteins to cell pro-
liferation remain poorly deﬁned (Aasen, 2015).
In murine cardiomyocytes, it has been demonstrated that the
gap junction protein Connexin43 competes with Smad2/3 (the
mammalian orthologue of Drosophila Mad) for binding to micro-
tubules. Cx43 speciﬁcally induces the release of Smad2/3 from
microtubules leading to an increase in phospho-Smad2. As a re-
sult, pSmad2/3 and Smad4 translocate to the nucleus and activate
the transcription of TGF-ß target genes (Dai et al., 2007). In a si-
milar scenario, reduction of inx2 expression may hinder formation
of proper gap junction channels that would normally allow for
Mad release from microtubules. In a wild-typic situation, un-
sequestered Mad would be phosphorylated and could activate Dpp
signalling in the eye. Less functional Inx2 would thus lead to a
reduced Mad release from microtubules hence to a decreased dpp
and punt transcription. An overall downregulation of the Dpp
pathway could then be expected. Of note, the microtubule-binding
region of Cx43 is located in a short region of 26 amino acid re-
sidues within the C-terminus tail of Cx43 (Saidi Brikci-Nigassa
et al., 2012). However, since Connexins and Innexins share a
common topology but no primary sequences, the microtubule-
binding region of Cx43 is not conserved in the C-terminus of Inx2.
In addition, a direct interaction between Inx2 and microtubules
has not been documented so far. Further work will thus be needed
to address the molecular mechanism involved in Inx2-dependent
Dpp signalling modulation.
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